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ABSTRACT
The growth of chickpea (Cicer arietinum L.) is very sensi-
tive to salinity, with the most susceptible genotypes dying in
just 25 mM NaCl and resistant genotypes unlikely to survive
100 mM NaCl in hydroponics; germination is more tolerant
with some genotypes tolerating 320 mM NaCl. When
growing in a saline medium, Cl-, which is secreted from
glandular hairs on leaves, stems and pods, is present in
higher concentrations in shoots than Na+. Salinity reduces
the amount of water extractable from soil by a chickpea
crop and induces osmotic adjustment, which is greater in
nodules than in leaves or roots. Chickpea rhizobia show a
higher ‘free-living’ salt resistance than chickpea plants, and
salinity can cause large reductions in nodulation, nodule
size and N2-fixation capacity. Recent screenings of diverse
germplasm suggest significant variation of seed yield under
saline conditions. Both dominance and additive gene effects
have been identified in the effects of salinity on chickpea
and there appears to be sufficient genetic variation to
enable improvement in yield under saline conditions via
breeding. Selections are required across the entire life cycle
with a range of rhizobial strains under salt-affected, pre-
ferably field, conditions.
Key-words: chloride; Cicer arietinum; flowering; germina-
tion; N2-fixation; plant breeding; plant water relations;
sodium; soil salinity.
INTRODUCTION
Chickpea (Cicer arietinum L.) was one of the earliest grain
crops cultivated by humans. Today, chickpea ranks third
(FAO 2008) among food legumes for world production,
behind beans (Phaseolus spp.) and field pea (Pisum sativum
L.).Although more than 50 countries are reported to grow
chickpea, only 22 cultivate more than 20 000 ha; 19 cultivate
10 000 to 20 000 ha. Total annual world production is
8.4 million tonnes, and the major chickpea producing coun-
tries include India (65% of annual production), Pakistan
(10%), Turkey (7%), Iran (3%), Myanmar (2%), Mexico
(1.5%) and Australia (1.5%) (FAO 2008). Other producers
include Ethiopia, Iraq, Israel, Jordan, Morocco and Syria;
Canada, Tanzania and Malawi are emerging as chickpea
producers.
Two major types of chickpea are recognized, desi and
kabuli. The desi type is generally small-seeded (less than
200 mg per seed) with coloured seed coats and an angular
seed shape.The kabuli type is generally large-seeded (more
than 350 mg per seed) with beige or cream-coloured seed
coats and a ‘rams-head’ shape.The two types can be hybrid-
ized, but there are strong consumer and culinary prefer-
ences for desi and for kabuli chickpea. At 21% protein
(range 17–26%), chickpea seed is a protein-rich supplement
to cereal-based diets, especially critical in developing coun-
tries where people either cannot afford animal protein or
are vegetarian by choice. In addition to its importance in
human food and animal feed, chickpea plays an important
role in sustaining soil fertility by fixing up to 140 kg N ha-1
year-1 (Rupela 1987). Thus, chickpea is a low-input-
requiring crop, deriving over 70% of its N requirement
through symbiotic N2 fixation and providing benefits for
following cereal crops (Siddique et al. 2005). Chickpea is
mainly grown as a cool-season crop under both rainfed
(>90%) and irrigated conditions, often maturing in the
driest and hottest part of the year. Major biotic constraints
to chickpea production include diseases such as fusarium
wilt (Fusarium oxysporum f. sp. ciceri), ascochyta blight
(Ascochyta rabiei), botrytis grey mould (Botrytis cinerea);
and pests such as Helicoverpa pod borer (Helicoverpa
armigera and H. punctigera) and leaf miner (Liriomyza
cicerina) (Nene & Reddy 1987; Reed et al. 1987). Among
abiotic constraints, drought, chilling temperatures and soil
salinity limit the productivity of chickpea.
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Soil salinity affects about 80 million ha of arable lands
worldwide (see Munns & Tester 2008), and this area is
expanding. Estimates of yield losses of chickpea due to soil
salinity are not available;however, considering its sensitivity
(described in a later discussion) and that the salt concentra-
tion in the soil increases as the soil dries at the end of the
growing season (Rengasamy 2006), we suggest annual salt-
induced yield losses of 8 to 10% globally are likely in chick-
pea. In this reviewwe analyse what is known of the effects of
salinity, but not those of sodicity, on chickpea. We have
focused on chickpea because salt sensitivity in this crop has
not been previously reviewed in detail and have generally
excluded comparisons with other legumes for reasons of
space. We describe the responses in terms of resistance
rather than tolerance as chickpea is highly sensitive to salin-
ity when compared to other species in cropping systems (e.g.
bread wheat, see Dang et al. 2008). Salinity affects germina-
tion, plant establishment,N2-fixation, growth, flowering, pod
formation and retention and seed filling.
GERMINATION
Salinity (as NaCl) reduces both the rate and extent of ger-
mination of chickpea seeds (Table 1), although there is
large variation amongst genotypes.1 For example, ILC-482
took 8 d to reach 70% germination in 120 mm NaCl,
whereas Barkla took 10 d to reach just 40% germination in
the same salt concentration (in the absence of salt, ILC-482
reached 97% germination in 6 d,whereas Barkla took 8 d to
reach 96% germination; Esechie, Al-Saidi & Al-Khanjari
2002). Some genotypes will germinate in NaCl concentra-
tions whose electrical conductivity2 (EC) is 32 dS m-1 (i.e.
around 320 mm NaCl) whereas germination of other geno-
types is reduced to 15% by half that salt concentration
(Table 1; see also Table S1). Whether such differences can
be related to seed mass or type (kabuli versus desi) has not
been rigorously tested although a comparison between one
kabuli and one desi genotype (Jam and Kaka, respectively)
revealed no difference in the effects of salinity on germina-
tion (Soltani et al. 2002). Within three kabuli genotypes
(AKN-97, Gokce and Uzunlu-99), the mean time of small
seed to germinate (7 mm) at relatively high solution salinity
(16.3 dS m-1) was shorter (3.8 d) than of large seed (9 mm;
4.7 d); all three genotypes showed 100% germination at this
salinity (Kaya et al. 2008, in the absence of salt, the mean
time of the small seed to germinate was also slightly shorter
at 2.7 d than for large seed, which was 3.3 d).
Tests of germination have commonly been performed
using NaCl or NaCl plus Na2SO4, and sometimes, in more
complex mixtures, with CaCl2 and MgCl2 (see Table S1).
There is evidence that Na2SO4 is more inhibitory to germi-
nation than NaCl, KCl or K2SO4, although, as far as we are
aware, the effect of all these different salts has only been
compared on a single genotype (C-214) (Sheoran & Garg
1983); Table S1).With mixed salts, as with single salts, there
is a large genotypic variation in the effect of concentration
on germination, whether in solution or soil (Dua 1992;
Kathira et al. 1997). Some genotypes are able to germinate
at 32 dS m-1 (e.g. ILC-205 and ILC-206, Zurayk et al. 1998),
while for others, the rate and percentage germination can
be reduced in an EC of just 4 dS m-1 (Mer et al. 2000, salin-
ity was adjusted by adding a mixture of NaCl, Na2SO4 and
CaCl2 in the ratio 2:1:1). The speed of germination is, as
reported for single salts, slowed by mixed salts (e.g. Yadav
et al. 1989; Dua 1992), although the final percentage germi-
nation is not always reduced (Dua 1992). Emergence from
salinized soil (irrigated with a saline solution) has been
shown to be slower and with a lower final percentage than
germination in solutions at similar salinities (Esechie et al.
2002), indicating that early seedling growth might be more
salt-sensitive than radical emergence. The effect of seed
priming on the ability to germinate in saline conditions has
not been investigated for chickpea.
Virtually nothing is known of the reasons for the differ-
ences between chickpea genotypes in their abilities to ger-
minate in saline conditions. The presence of concentrations
of NaCl (200 mm) that prevent germination in the genotype
1Here, we refer to cultivars and genotypes by the names used in
the original publications. We provide synonyms for the ICRISAT
Chickpea Collection (ICC-) and/or ICARDA Legume Chickpea
(ILC-) in Table S5.
2The electrical conductivity (EC) of a solution depends on the
concentration and nature of the salts in that solution. Where the
solution is generated from a water-saturated paste of the soil, we
use the abbreviation ECe.An empirical approach has been used to
generate the equation log C = 0.955 + 1.039log EC [e.g. a 48 mm
NaCl solution has an EC of 5 dS m-1]. For many purposes, it is
sufficient to approximate C ª 10 * EC,where C is the concentration
in mm and EC is measured in dS m-1 [Tanji (1990) Agricultural
Salinity Assessment and Management. American Society of Civil
Engineers, New York].
Table 1. Germination percentages in sensitive and resistant (at germination) genotypes of chickpea. More examples are provided in
Table S1
Germination (%)
Conditions SourceSensitive genotypes Resistant genotypes
15% 100% 85 mm NaCl in agar Saxena & Rewari (1992)
Pusa-256 Pusa-312
12% 55% NaCl solutions at 6 dS m-1 Khalid et al. (2001)
CM-72 C-727
0 69% NaCl+Na2SO4 solutions at 32 dS m-1 Zurayk et al. (1998)
ILC-3279 ILC-205
Salt sensitivity in chickpea 491
© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 33, 490–509
Castellana also modified the patterns of protein synthesis
in these seeds (Colorado et al. 1994; Colorado, Nicolas &
Rodriguez 1995) and reduced the expression of a gene
encoding calmodulin, an action similar to that of abscisic
acid (ABA) (50 mM), which also inhibited germination
(Nicolas et al. 1998). It is not clear, however, whether the
effects observed were acclamatory or pathological, as the
salt concentration used was high, but not higher than that
in which some genotypes can germinate (Zurayk et al.
1998); incorporation of leucine into protein declined after
36 h, but whether seed would germinate if transferred back
to non-saline conditions was not tested.
Summary of the effects of salinity
on germination
In conclusion, it is clear that while there is a large variation
in the resistance of germination of chickpea to saline con-
ditions, little is known of the reasons. Generally, it is not
clear from the published data whether or not seeds that do
not germinate during relatively short-term salinity treat-
ments are still viable. Because low and slow germination
could reduce yield, the response of germination to salinity
should be taken into account in the choice of variety for
planting by farmers and in breeding programmes. Tests of
germination would best be made in soil salinized to known
salinities in the laboratory rather than in solutions in Petri
dishes (see previous discussion, Esechie et al. 2002) and
should include emergence.
VEGETATIVE GROWTH
Of about 110 research papers that have been reviewed, 30
reported the effects of salinity early in the development of
the plant (germination or seedling stage), 40 evaluated the
effect of salinity from about 30 d onwards but did not con-
tinue until the plants reached maturity and 30 evaluated
yield and/or yield parameters under saline conditions. A
third (23) of the 70 studies that assessed chickpea response
to salinity for at least 30 d after sowing were carried out in
sand culture that was artificially salinized with a mixture
of salts and a similar number of studies used hydroponic
culture solutions (19) or soil-filled pots (20). Only a small
number of studies (8) were carried out in the field.
Growth reductions can be severe in chickpea when
exposed to NaCl levels that might be regarded as moderate
for most crops. Serraj, Krishnamurthy & Upadhyaya (2004)
report a 60% biomass reduction at 40 d after sowing, aver-
aged across 234 chickpea accessions grown in a Vertisol
treated with 80 mm NaCl solution.The most sensitive geno-
types do not survive in NaCl concentrations as low as 25 mm
(Table 2), while the most resistant genotypes are unlikely to
grow in 100 mm NaCl in hydroponics (and at lower concen-
trations if the humidity were low). Several studies reported
that root development is more sensitive than shoot devel-
opment (Ashraf &Waheed 1993;Dua 1997;Tejera, Soussi &
Lluch 2006).
From the available data, it is difficult to conclude whether
the different systems used to grow chickpea affect relative
performance of different genotypes, since few genotypes
are common to different experiments. L-550 (reported as
resistant) and E-100 (sensitive) were similarly ranked in
hydroponics (Lauter & Munns 1987), vermiculite (Soussi,
Lluch & Ocana 1999; Tejera et al. 2006) and salinized soil
(Vadez et al. 2007). Vadez et al. (2007) also found good
agreement for the resistance of CSG-8962 with a previous
study (Dua & Sharma 1995) carried out in different soil.
The salt sensitivity of chickpea genotypes does, however,
depend on soil type with greater reductions in growth and
yield in a sandy soil than in a clay soil with the same con-
centration of added NaCl. Nevertheless, preliminary results
suggest that the ranking in salt sensitivity of genotypes
is largely independent of soil type (L. Krishnamurthy, V.
Vadez, N.C. Turner et al. unpublished results 2009). So this
limited assessment would suggest that the growth system
Table 2. Effect of salinity on the vegetative growth (dry matter expressed relative to growth under control conditions) of genotypes of
chickpea grown in a variety of conditions. Salt treatments were applied from the time of sowing and biomass data collected at different
vegetative stages
Relative growth, genotype and
reputation for response to salt (% control)
Salt treatments SourceSensitive Resistant
39% ICC-6263 35% ICC-1431 1.17 g NaCl kg-1 soil in a Vertisol Vadez et al. (2007)
36% ICC-12908 93% CM-663 40 mm NaCl, hydroponic sand culture Ashraf & Waheed (1993)
68% ICC-10572
73% H-208 90% H-355 6 dS m-1 sulphate-salinized soila Manchanda & Sharma (1989)
83% shoot, 30% root 61% shoot 7.8 dS m-1 with mixed salts in hydroponics Dua (1998)
CSG-8890 91% root CSG-88101
75% Pusa-209 95% BG-312 40 mm mixed salts in hydroponic sand culture Sharma & Kumar (1990)
50% Sirio 85% L-550 100 mm NaCl in hydroponic culture in vermiculite Tejera et al. (2006)
0% E-100 70% L-550 25 mm NaCl in hydroponics at 55% relative humidity Lauter & Munns (1987)
aStraw yield at maturity.
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does not affect relative performance of different genotypes,
although further work is required to confirm this view.
Physiological changes in chickpea grown in
the presence of salt
Photosynthetic pigments decreased in concentration in
chickpea grown in NaCl (100 mm) (Datta & Sharma 1990;
Beltagi 2008), and photosynthesis was reduced by 60%
(Murumkar & Chavan 1993); genotypes have also been
shown to differ in the effects of salinity on chlorophyll
fluorescence (Epitalawage, Eggenberg & Strasser 2003).
Salinity can increase senescence in chickpea (Katerji et al.
2001) and induce the production of ethylene and its precur-
sor 1-aminocycloprane-1-carboxylic acid (ACC) in roots
and nodules (Kukreja et al. 2005; Nandwal et al. 2007). In
both roots and nodules,ACC increased three-fold and eth-
ylene doubled with exposure for 3 d to 10 dS m-1 of mixed
salts (where the molar ratios of Na+, Ca2+ and Mg2+ were:
Na+ : Ca2+ 1:1; Ca2+ : Mg2+ 1:3 and Cl- : SO42- 7:3) (Kukreja
et al. 2005; Nandwal et al. 2007). Symptoms of leaf necrosis,
presumably related to the destruction of chlorophyll in leaf
cells resulting from ion toxicity when Na+ and/or Cl- exceed
tolerable levels in tissues, were reported by Maliro et al.
(2008) and these authors showed that ‘visual scores’ of
necrosis could be used as an index of resistance.
The presence of salinity (up to 10 dS m-1 of mixed salt,
see earlier discussion) induced an increase in hydrogen per-
oxide of 180% in chickpea (CSG-8962) roots and of lipid
peroxidation by 170% (Kukreja et al. 2005). However, in a
separate study on chickpea (Gökçe) subjected to 100 mm
NaCl for 4 d in hydroponics, although hydrogen peroxide
increased (by 170%) in leaves, it decreased in roots (by
20%, Eyidogan & Oz 2007). Reactive oxygen species
need to be scavenged for normal growth (Sairam, Tyagi &
Chinnusamy 2006) and antioxidant enzymes in chickpea
increased in activity and expression under salt stress
(Hernandez-Nistal, Dopico & Labrador 2002; Kukreja et al.
2005; Eyidogan &Oz 2007).The antioxidant enzyme, super-
oxide dismutase, increased by 150%, while other enzymes
also increased in roots of 60-day-old chickpea exposed to
10 dS m-1 (mixed salts, see previous discussion) for 3 d:
peroxidase by 220%, ascorbate peroxidase by 240%, glu-
tathione transferase by 140%, glutathione reductase by
126% and catalase by 360% (Kukreja et al. 2005).However,
the changes in enzyme activities did not prevent membrane
damage in roots (Kukreja et al. 2005) or leaves (Eyidogan
& Oz 2007), which increased significantly as measured by
malondialdehyde content as a result of 2 d to 4 d exposure
to salinity.We do not, however, know of any study that has
evaluated whether genotypic differences in antioxidant pro-
duction can be related to growth and yield in chickpea.
Mineral concentrations in tissues
The concentrations of Na+ and Cl- have been shown to
increase in chickpea on exposure to salt (Table 3), with Ta
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tissue Cl- concentrations generally exceeding those of Na+.
Increases in plant ions concentration are not novel and
occur with all plants exposed to NaCl.What is generally not
clear, however, is at what concentration and in what plant
parts ions reach toxic concentrations and whether toxicity
can be assigned to Na+, Cl- or SO42- (SO42- can be high in
some saline soils). These are important questions as knowl-
edge of plant ion concentrations can be used to inform
breeding strategies. For example, is poor performance
under saline conditions correlated with ion concentrations
in shoots or in particular leaves? Do genotypes vary in the
transport properties of these ions in their root systems? Do
environmental factors other than salinity modulate the
transport of ions from roots to shoots? Does the source of
nitrogen (N) alter transport of Cl- and/or Na+? For chick-
pea, there are at least partial answers to some, but not all, of
these questions.
There is evidence that after exposure of chickpea to rela-
tively low concentrations of NaCl (less than 50 mm), growth
is unaffected for a period of days while shoot ion concentra-
tions rise to a value at which growth is reduced to a new
quasi-steady state. Lauter &Munns (1987) reported growth
(expressed relative to that of non-saline controls) of two
varieties (L-550 and E-100) of chickpea to be unaffected
over 10 d in 30 mm Na+ (15 mm NaCl and 7.5 mm Na2SO4)
until shoot Na+ concentrations reached 560 mmol g-1 dry
mass and shoot Cl- was 676 mmol g-1 dry mass. When
exposed to different concentrations of NaCl or Na2SO4 (10,
20, 30 or 50 mm) in hydroponics, growth was negatively
correlated with Na+ concentration in the shoot from 50 to
550 mmol Na+ g-1 dry mass with little difference between
SO42- and Cl- treatments at equal Na+ concentrations
(Lauter & Munns 1986a). Similarly, Dua & Sharma (1997)
also found a negative correlation between shoot growth,
expressed relative to the control, and shoot Na+ concentra-
tions between 400 and 4000 mmol g-1 dry mass of three
genotypes of chickpea in sand culture. Such relationships
may depend on a critical level of Na+ being accumulated
within the shoots. Data reported by Richter et al. (1999)
do not demonstrate any relationship between vegetative
growth or grain yield and shootNa+ orCl- concentration,but
maximum Na+ concentrations were under 200 mmol g-1 dry
mass of shoots.The variability in ion concentrations shown in
Lauter&Munns (1986a) suggests that no significant effect of
shoot Na+ or Cl- concentration on relative shoot dry mass
would be discernible until shoot ion concentrations were
higher than 100 mmol g-1 dry mass. A further problem in
correlating yield with ion concentrations for highly sensitive
species is that yields can be so low that correlations are not
apparent (e.g. in Ashraf & Waheed 1993). Whatever the
reasons, an assessment of 263 germplasm entries for shoot
dry mass and Na+ concentration in the shoot at 40 d after
sowing, showed no relationship between these two param-
eters (R2 = 0.04, L. Krishnamurthy, V. Vadez, N.C. Turner
et al. unpublished results 2009). In this study,most genotypes
had Na+ concentrations in shoots below 174 mmol g-1 dry
mass of shoots and few (8 of 263) had Na+ concentrations
between 174 and 260 mmol g-1 dry mass of shoots.
While the data presented by Lauter & Munns (1987)
indicated growth to be more closely related to shoot Na+
than shoot Cl- concentrations (see also below), other
evidence suggests Cl- to be the more important ion as far
as toxicity is concerned. Across four genotypes grown for
7 weeks at 4 dS m-1 created in soil by adding NaCl alone,
reduction in growth appeared related to shoot Cl- rather
than shoot Na+ concentration (Mamo, Richter & Heiligtag
1996). Cl- concentrations in leaves are commonly higher
than those of Na+, when expressed on a molar basis
(Table 3), but the difference is smaller for roots than leaves
(Mamo et al. 1996; Dua 1998) or even reversed (Sharma &
Kumar 1992). The presence of SO42- and perhaps the fact
that the external Na+ was twice the concentration of Cl- in
the treatments used by Lauter & Munns (1987) may be the
reason for the poor correlation between growth and shoot
Cl- in their data.
A notable feature of the leaves of chickpea is the pres-
ence of secretions on the surface. These secretions arise
from glandular hairs or trichomes that are present on
leaves, stems and pods (see Lazzaro & Thomson 1989).
Unusually amongst trichomes, secretions are dominated by
organic acids (Lazzaro & Thomson 1989), and the pH can
be as low as 1 (Lauter & Munns 1986b).When plants were
grown in a mixture of NaCl and Na2SO4 (half Na+ as Cl- and
half as SO42-), the concentration of Cl- in the secretion was
approximately 231 mm while Na+ did not exceed about
60 mm (Lauter & Munns 1986b). Thus, at least part of
the difference between the concentrations of Na+ and Cl-
recorded for shoots (see Table 3) could be due to differ-
ences in the intra- and extra-cellular concentrations of the
two ions.
Although tissue ion concentrations are commonly
reported on the basis of dry mass, any metabolic effects of
salinity are likely to be a consequence of the activity of ions
in the cytoplasm and/or vacuole and so be influenced by
cellular water content and compartmentation. For two
genotypes (CSG-88101 and CSG-8890) with differing salin-
ity resistance, it was notable that resistance was associated
with an ability to maintain tissue water content under saline
conditions, so mitigating changes in ion concentration (Dua
1998). For example, the shoot Na+ concentrations after 18 d
exposure to salts expressed on a dry mass basis were similar
at 460 mmol g-1 dry mass in the sensitive genotype (CSG-
8890) and 434 mmol g-1 dry mass in the resistant genotype
(CSG-88101). However, when expressed on the basis of
the water content, the concentration of Na+ in the sensitive
genotype (560 mm) was about twice that (223 mm) of the
resistant genotype. Cl- concentrations were about double
those of Na+, being 1398 and 1757 mmol g-1 dry mass in
sensitive and resistant genotypes, respectively: 1690 mm and
890 mm, respectively, when expressed on the basis of shoot
water content. Differences in water content could also con-
found attempts to find correlations between growth and ion
concentrations expressed per unit dry mass.
The effect of salinity is, as might be expected, influenced
by environmental factors such as humidity and nitrogen
source. In the experiment conducted by Lauter & Munns
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(1987) at four relative humidity (rh) values (55%, 75%,
88% and 95% rh) and a range of salt concentrations (0, 12
and 24 mm Na+ added as equal molar ratios of Cl- and
SO42-), genotypic differences in the response to the interac-
tion between salt and humidity were evident. Shoot growth
(represented by the log of the shoot dry mass) was linearly
related to shoot Na+ concentration (R2 = 0.77), but poorly
(R2 = 0.33) related to shoot Cl- concentration (Lauter
& Munns 1987). Decreasing the atmospheric humidity
increased the Na+ concentration in the leaves of both of the
genotypes studied, although the rate of change of leaf Na+
concentration with decrease in humidity differed between
genotypes even though they showed similar overall salt
sensitivity.These data indicate that suitable levels of salinity
to be used to screen chickpea will depend on the humidity
at the screening site and may need re-adjustment from
environment to environment or year to year.
The source of nitrogen available to chickpea can also
influence shoot ion concentrations. Over 53 d, Na+ accumu-
lated to 790 mmol g-1 dry mass in shoots of nodulated plants
(cv. UC-5) growing in an external concentration of just
31 mm NaCl without the provision of inorganic N (Lauter,
Munns & Clarkin 1981). Providing N as NH4NO3 reduced
the accumulation of Na+ by half, to 390 mmol g-1 dry mass.
The lower shoot Na+ concentration in NH4NO3-fed plants
compared with those reliant on fixed-N might, at least par-
tially, have resulted from ‘dilution by growth’ in the larger,
mineral-N-supplied plants. For Cl-, however, the situation
was quite different: shoots of plants relying on nodules for
their N supply contained 1340 mmol Cl g-1 dry mass, while
those provided with NH4NO3 contained even more Cl-
(1510 mmol g-1 dry mass). Consequently, Cl-/Na+ ratios in
the shoots of plants provided with inorganic N were twice
those of plants relying on N2-fixation (Table 3). Other
studies, however, failed to find differences in shoot Na+
concentration between plants reliant on mineral-N or fixed-
N (Rao & Sharma 1995b; Baalbaki et al. 2000). One study
evaluated Pusa-256 inoculated with seven different rhizo-
bial strains (Rao & Sharma 1995b), while the other (Baal-
baki et al. 2000) involved two chickpea cultivars and two
rhizobial strains. In addition to the absence of any effect of
nodulation status on shoot Na+ there was no effect on shoot
Cl- concentration (Baalbaki et al. 2000). Furthermore, a
non-nodulating cultivar did not differ in shoot Na+ concen-
tration from four other cultivars with varying degrees of
nodulation, when compared within three different salinity
treatments (3.2 to 8.1 dS m-1, Rao et al. (2002).Thus, there is
some discrepancy in the literature over the effects of the N
source on shoot Na+ and Cl- concentrations in chickpea and
further work is required to clarify the situation.
Water relations
Generally, the first response of plants to salinity in the soil
arises from an osmotic effect of the NaCl in the root zone
with the influence of ions taken up by the plants affect-
ing growth at a later stage (Wilson, Haydock & Robins
1970; Sairam et al. 2006; Munns & Tester 2008). Plants
commonly respond to the presence of salinity by lowering
their osmotic potential through the accumulation of ions
and organic compounds in a process known as osmotic
adjustment (Bernstein 1961; Flowers & Yeo 1986). With
stomata in the leaves opening for entry of CO2 for photo-
synthesis, water in the leaves evaporates and is drawn along
the soil-plant-atmosphere continuum from the roots and
soil. The presence of salt in the root zone lowers (becomes
more negative) the water potential in the leaf required to
withdraw water from the soil and reduces the water content
of the plant in a similar manner to soil drying. With soil
drying, leaf growth is reduced and, once a threshold leaf
water potential of –0.8 MPa is reached, the stomata begin to
close and photosynthesis is reduced in chickpea genotypes
that osmotically adjust (see below) (Leport et al. 1998;
Munns & Tester 2008). Studies in other legumes suggest
that stomatal closure results initially from the local synthe-
sis of ABA (Fricke et al. 2004), and then the production by
the roots of ABA that is transferred to the leaves (Wolfe,
Jeschke & Hartung 1990). However, as far as we know,
changes in ABA in response to salinity have not been
measured in chickpea.
For chickpea, studies in the field have shown that the
presence of salt in the soil profile reduces the plant avail-
able water capacity; that is the amount of water extractable
from the soil by the crop before it reaches maturity (Whish
et al. 2007; Dang et al. 2008). Dang et al. (2008) showed that
in soils with an ECe (calculated from a 1:5 extract) of about
10 dS m-1 at 0.9 to 1.0 m depth below the surface, chickpea
was the most sensitive crop to the subsoil salt among bread
wheat, durum wheat, barley, canola and chickpea, because
of a greater reduction in water extraction. Based on ridge-
regression analysis of a number of ions, they concluded
that it was the Cl- concentration in the soil that was critical
(although including exchangeable sodium percentage did
improve the regression) and estimated that the critical
subsoil Cl- concentration that reduced chickpea yields by
10% was 490 mg Cl- kg-1 soil. The smaller plant’s available
water capacity under saline conditions is presumably partly
because of restricted root growth of chickpea in saline soil,
but also because salt reduces the extraction of water from
the soil by the roots. Pot studies where rooting volume was
similar in a saline and non-saline soil clearly showed that
chickpea was unable to remove as much water from saline
soil as from non-saline soil (Sheldon et al. 2004). This was
presumably due to the lowering of the soil water potential
(osmotic effect), the greater energy requirement to extract
water from the soil (Rengasamy 2002, 2006; Rengasamy,
Chittleborough & Helyar 2003) and the cessation of tran-
spiration at a higher soil water content in saline than in
non-saline soil.
Adding 12 or 24 mm NaCl (and lowering the osmotic
potential of the solution by –0.06 and –0.12 MPa, respec-
tively) to a hydroponic medium surrounding the roots of
chickpea reduced the shoot water potential by 0.22 MPa
(with no significant difference between 12 and 24 mm salt or
genotypes E-100 and L-550) when measured before shoot
growth was affected (Lauter & Munns 1987 – see Table 4).
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A slightly larger decrease than seen in E-100 and L-550
was observed in the leaf water potential of seedlings of
the cultivar C-214 exposed to 5 and 10 dS m-1 (osmotic
potentials of –0.24 and –0.44 MPa, respectively) NaCl for
4 d (Sheoran & Garg 1983 – see Table 4).When the chick-
peas were still growing and transpiring at the time that
measurements were taken (Lauter & Munns 1987), the
decrease in leaf water potential was much greater than the
decrease of the osmotic potential around the roots. Further,
the decrease in leaf water potential was greater when the
relative humidity of the growth cabinets was lowered and
the rate of transpiration increased (Lauter & Munns 1987).
In the studies by Sheoran & Garg (1983) and Lauter &
Munns (1987), the decrease in shoot water potential was
accompanied by a decrease in leaf osmotic potential, so that
there was no significant change in the bulk leaf turgor pres-
sure, which remained positive (Table 4), suggesting that
the leaves adjusted osmotically in response to the salt in the
root zone (see below). The maintenance of turgor with the
increasing salinization of the rooting medium to 10 dS m-1
(an osmotic potential of –0.44 MPa) in the studies by
Sheoran & Garg (1983) and Lauter & Munns (1987)
strongly suggests that the leaves were accumulating solutes
to maintain the osmotic potential (Table 4). However, as
tissue water content has also generally been shown to
decrease with increasing salinity, particularly in salt-
sensitive cultivars (Dua 1998; Singh et al. 2005), it is not
possible to determine definitely in these studies whether the
decrease in osmotic potential in chickpea arose from a con-
centrating effect of water loss or an accumulation of solutes
in the tissues.
Studies by Kukreja et al. (2005) and Nandwal et al. (2007)
measured the relative water content of tissues as well as the
osmotic potential of the tissue, so that the degree of osmotic
adjustment can be estimated. The relative water content
in two chickpea genotypes (CSG-8962 and H-96-99)
decreased from 86–87% in the absence of salt (a value that
is due to water extraction from cells as a consequence of
transpiration) to 73–74% when exposed to 10 dS m-1 for
3 d.Calculating the osmotic potential at full turgor indicates
that the two genotypes adjusted osmotically by 0.19 MPa at
–0.12 MPa (2.5 dS m-1), 0.44 MPa at –0.24 MPa (5 dS m-1)
and 0.87 MPa at –0.44 MPa (10 dS m-1). Thus, the decrease
in the osmotic potential in the leaves at full turgor was from
50% greater at 2.5 dS m-1 to approximately 100% greater at
5 and 10 dS m-1 than the decrease in the osmotic potential
of the soil solution. Kukreja et al. (2005) also measured the
osmotic potential and relative water content of the roots,
while Nandwal et al. (2007) measured the same parameters
of nodules. The osmotic adjustment at 100% relative water
content was less in roots than leaves, increasing by 0.18,
0.38 and 0.54 MPa at 2.5 dS m-1 (–0.12 MPa) 5 dS m-1
(–0.24 MPa) and 10 dS m-1 (–0.44 MPa), respectively
(Kukreja et al. 2005). The degree of osmotic adjustment in
nodules was greater than in either leaves or roots, increas-
ing by 0.13, 0.51 and 1.25 MPa at 2.5 dS m-1 (–0.12 MPa)
5 dS m-1 (–0.24 MPa) and 10 dS m-1 (–0.44 MPa) salt (NaCl,
MgCl2, MgSO4 and CaCl2 where Na+ : Ca2+ was 1:1 and
Ca2+ : Mg2+ 1:3, the Cl- : SO42- ratio was 7:3, all on a molar
basis) in H-96-99.
Katerji et al. (2005) measured the water relations and
osmotic adjustment of a late-maturing drought-sensitive
genotype (ILC-3279) and an early-maturing drought-
resistant (drought escape) genotype (Filip-87-59C) grown
in soil with mean salinities (ECe) of 0.8, 2.5 and 3.8 dS m-1.
The osmotic potential at 100% relative water content,
their measure of osmotic adjustment, at the beginning of
flowering and podding, was 0.05 and 0.08 MPa lower when
grown in soil with a salinity of –0.18 MPa (3.8 dS m-1) than
at –0.01 MPa (0.8 dS m-1) in ILC-3279 and Filip 87-59C,
respectively. Thus the osmotic adjustment in response to
increasing salinity was less than the decrease in the osmotic
potential of the soil solution and was less in the putatively
drought-sensitive than in the drought-resistant genotype.
Table 4. Influence of salinity on the water relations of some genotypes of chickpea
Genotype Salinity levels
Leaf water
potential (-MPa)
Leaf osmotic
potential (-MPa)
Calculated bulk
turgor pressure
(MPa) Source
C-214 0 0.60 0.94 0.34 Sheoran & Garg (1983)
5 0.81 1.17 0.36
10 dS m-1– (NaCl, Na2SO4 KCl, K2SO4) 1.15 1.52 0.37
L-550 and
E-100a
0 0.71 1.28 0.57 Lauter & Munns (1987)
12 0.93 1.52 0.59
24 mm (NaCl, Na2SO4) 0.93 1.52 0.59
CSG-8962 0 0.47 0.65 0.18 Kukreja et al. (2005)
2.5 0.50 0.76 0.26
5 0.59 0.94 0.35
10 dS m-1 (NaCl, MgCl2, Mg SO4, CaCl2) 0.61 1.23 0.62
H-96-99 0 0.44 0.65 0.21 Nandwal et al. (2007)
2.5 0.47 0.75 0.28
5 0.52 0.88 0.36
10 dS m-1 (NaCl, MgCl2, Mg SO4, CaCl2) 0.56 1.15 0.59
aPooled data.
496 T. J. Flowers et al.
© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 33, 490–509
Fourteen days later, when the osmotic adjustment was 0.04
and 0.13 MPa in the putatively drought-sensitive and in the
drought-resistant genotype, respectively, the decrease in
osmotic potential was less than that in the soil solution
(Katerji et al. 2005). Although the degree of osmotic
adjustment was greater in the putatively drought-resistant
genotype than the drought-sensitive genotype, this was
confounded by the differences in phenology, with osmotic
adjustment being greater later in development than earlier
in development and therefore greater in the early-maturing
drought-resistant genotype (Filip-87-59C) than the late-
maturing drought-sensitive genotype (ILC-3279) (Katerji
et al. 2005).Thus, in summary, the degree of osmotic adjust-
ment is reportedly less in roots than leaves and less in leaves
than nodules, but in all cases greater than the change in the
osmotic potential of the external solution in sand culture or
solution culture studies, but not in salinized soil. However,
although chickpea shows osmotic adjustment, its role in
salt-sensitive compared with salt-resistant genotypes is not
clear from current studies and requires further study.
Any increase in osmotic adjustment under saline condi-
tions is likely a result of an increase in the ions in the
vacuole (see preceding section on mineral composition)
and the accumulation of soluble sugars. Although total
soluble sugars can initially decrease in the leaves of chick-
pea after 7 d at 75 mm NaCl, the sugar levels more than
doubled in 30-day-old chickpea plants after 14 d exposure
to 75 mm NaCl (Soussi, Ocana & Lluch 1998). By contrast,
total soluble sugars decreased by 3–43% and 12–68% in six
chickpea genotypes exposed for 10 d to 4 and 8 dS m-1 of
NaCl-dominated salinity, respectively (Sharma & Kumar
1990; Singh, Singh & Sharma 2001). In addition to ions and
sugars, the concentration of proline increased in leaves,
shoots, roots, pod walls, seeds and nodules of chickpea
exposed to increasing levels of salinity (Table 5; Table S2).
Generally, the concentration of proline in the leaves and
shoots doubled on a dry mass basis and increased 10-fold on
a fresh mass basis, while the proline level in roots did not
increase significantly (Table S2). The only exception to the
increase was in salt-sensitive callus, but the concentration of
proline did increase in this callus when exposed to NaCl
with 10 mm proline added to the medium (Pandey &
Ganapathy 1985). The role of proline is controversial. It is
a compatible solute and is considered to accumulate in
the cytoplasm to balance the accumulation of solutes and
ions in the vacuole during osmotic adjustment. Pandey &
Ganapathy (1985) argue that proline does not accumulate
as a result of stress-induced damage to the cells as suggested
by some authors (e.g. Soussi et al. 1998), but acts as a pro-
tective agent against cellular damage. Screening of chickpea
cultivars on the basis of proline accumulation in young
plants has given inconsistent results (Chandra 1980, cited
in Saxena et al. 1994), suggesting that it is not related to
salinity resistance in chickpea.
In summary, salinity reduces the plant available water
capacity. Under saline conditions, the shoot water potential
declines with an accompanying decrease in the solute
potential indicating the leaves adjust osmotically in
response to salt in the root zone. It appears that at low salt
concentrations, changes in the osmotic potential in the
leaves maintains leaf turgor and increases the gradient in
water potential, whereas at higher salinities the leaf water
potential does not decrease by as much as in the external
solution. Both ions and soluble sugars accumulate in
chickpea shoots under saline conditions, as does proline,
although proline accumulation does not appear related to
salinity resistance. The extent to which osmotic adjustment
reflects changes in leaf water content or solute accumula-
tion per se requires further study, as does whether the
degree of osmotic adjustment differs between salt-sensitive
and salt-resistant genotypes. Since there is some evidence
that salt-resistant genotypes are better able to maintain
their water content after exposure to salt than salt-sensitive
genotypes, it is important that ion concentrations are not
only calculated per unit dry mass, but per unit shoot water
when correlations with the consequences of ion accumula-
tion are being sought. Both Na+ and Cl- concentrations
increase in the shoots following exposure of the roots to
these ions with, once a critical concentration is reached, a
consequent reduction in vegetative growth.As ions are also
part of the solutes that bring about osmotic adjustment,
studies on their compartmentation in leaf cells are required.
For Cl- there is the important and confounding factor that a
significant proportion of any measured ions will be present
Table 5. Proline concentration of shoots
and leaves of selected genotypes of
chickpea growing under saline conditions
(more examples are given in Table S2)
Genotype Organ Salinity levels
Proline concentration
(mmol g-1 fresh mass) Source
SG-11 Shoots 0, 4, 8 dS m-1 1.07, 1.30, 1.64 Singh et al. (2001)
DHG-84-11 1.03, 1.25, 1.63
BG-256 1.11, 1.17, 1.31
Phule-G-5 1.17, 1.26, 1.39
*assuming 90% water
content
H-75-35 Shoots 0, 4, 6, 8,10 dS m-1 0.57, 4.1, 6.4, 8.0, 10.5 Sharma & Kumar
(1990)L-144 0, 4, 6, 8 dS m-1 0.5, 8.2, 11.2, 11.4
ILC-1919 Leaves 0, 50, 75, 100 mm 0.12, 0.43, 0.76, 1.22 Soussi et al. (1998)
Gökçe Leaves 0, 100, 200, 500 mm 6.0, 8.1, 2.6, 0.9 Eyidogan & Oz
(2007)
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in secretions from trichomes on the leaf surface rather
than within leaf cells. From the studies to date, the roles of
ion selectivity by roots and the ion, sugar and compatible
solute accumulation and osmotic adjustment by shoots in
salt resistance/sensitivity among genotypes are not clear;
studies of differences in accumulation of ions and sugars
between salt-sensitive and salt-resistant genotypes are
warranted.
N2-FIXATION
Salt tolerance of chickpea rhizobia
Chickpea is clearly a very salt-sensitive species, the most
sensitive genotypes failing to survive in 25 mmNaCl and the
most resistant being unlikely to survive in 100 mm NaCl in
hydroponics (see preceding section on vegetative growth).
By contrast, rhizobia isolated from chickpea nodules and
cultured in vitro are typically much more salt tolerant, with
some strains able to grow in 500 mmNaCl (Kucuk &Kivanc
2008). Strains do, however, differ in NaCl tolerance: while
some strains can grow at salt concentrations as high as
500 mm, others will not grow at 300 mm and a few will not
even grow at 100 mm NaCl (e.g. Elsheikh & Wood 1990b;
Zurayk et al. 1998; Kucuk & Kivanc 2008). Differences in
salt tolerance amongst 18 chickpea rhizobial strains were
also evident at 20 dS m-1 (1:1 NaCl : NaSO4), with lag
phases for growth ranging from 34 to 154 h and growth
either completely inhibited or not reduced relative to non-
saline controls (Zurayk et al. 1998). Nevertheless, tolerance
appears to be relatively high amongst rhizobia isolated
from diverse sources of chickpea nodules; except for one
strain (N7 in Kucuk & Kivanc 2008) all the rhizobia show
‘free-living’ growth at NaCl concentrations exceeding that
resisted by chickpea plants (Elsheikh &Wood 1990b).
Despite the apparent tolerance of ‘free-living’ chickpea
rhizobia, salinity can have more adverse effects on nodula-
tion and N2-fixation than on overall growth of chickpea, as
evidenced by comparisons of nodulated and mineral N-fed
plants under saline treatments (e.g. 75 mm NaCl Lauter
et al. 1981, 3 dS m-1 Zurayk et al. 1998). Attention to the
effects of salinity on the chickpea–rhizobium symbiosis is
clearly warranted and explored in the following discussion.
Nodulation
Several studies have demonstrated decreased nodulation
of chickpea under saline conditions. Even at just 1 dS m-1 (a
mixture of NaCl and CaCl2 to give 4:1 Na+ : Ca2+ when
added to soil), nodule numbers were already reduced to
85% of controls (Elsheikh &Wood 1990a) and substantial
reductions (e.g. to 35–58% of controls) occurred at 3 to
4 dS m-1 (Sekhon et al. 1987; Elsheikh & Wood 1990a;
Zurayk et al. 1998; Rao et al. 2002). Two studies, however,
indicate that nodulation need not be the most salt-sensitive
component of chickpea performance in saline conditions.
The cultivar Pusa-312 inoculated with strain P-114-3
showed no effect of NaCl at 4 dS m-1 and even at ~8 dS m-1
only a modest decrease on nodule numbers (83% of
control, Saxena &Rewari 1991). Similarly,whereas 8 dS m-1
decreased nodule numbers in two ‘salt-sensitive’ genotypes
to ~75% of the control, there was no decrease for two
‘salt-resistant’ genotypes (Garg & Singla 2004). In both
these studies, salinity treatments were severe enough to
reduce plant growth and were applied at sowing (some
other studies, not considered in this section on nodulation,
imposed salinity treatments after plant establishment and
are not discussed here as nodulation could have occurred
prior to addition of salinity).As discussed in the next para-
graph, differences in sensitivity of nodulation of chickpea to
salinity reported in various studies, might be explained by
differences in resistance of the host plant and specific inter-
actions between host and bacterial strain (i.e. resistance of
the symbiosis).
Different strain ¥ host combinations result in vastly
different nodulation success under saline conditions, as
demonstrated for eight rhizobial strains and five chickpea
cultivars in a saline field with an EC (presumably ECe) of
4.5–5.2 dS m-1 (on a research farm near New Delhi, with
two flood irrigations applied; dominant ions in soil or water
not specified, Saxena & Rewari (1992). Such observations
have lead to the view that improving salt resistance in field-
grown chickpea requires selection of salt-resistant chickpea
cultivars in combination with rhizobial strains chosen for
their capacity to enter an effective symbiosis for nodulation
and N2-fixation under saline conditions (Saxena & Rewari
1992).Both plant genotype (Tejera et al. 2006) and rhizobial
strain (Lauter et al. 1981; Rao & Sharma 1995a) determine
the degree of nodulation, so plant interactions should be
evaluated under saline conditions and the best combina-
tions selected (Saxena & Rewari 1992). Adding to this
complexity, symbioses can differ in sensitivity to different
types of salts; a salt-mix with Cl- as the dominant anion has
been reported more detrimental than one dominated by
SO42-, but this study only evaluated one genotype and one
strain (Kumar & Promila 1983). An alternative approach,
with implications of easier selection screens if shown to be
appropriate, was proposed by Rao & Sharma (1995a).They
suggested that as the most effective strains under control
conditions also produce most nodules under saline condi-
tions, selection could be made for nodulation effectiveness
per se. This approach should, however, be applied to
salt-resistant chickpea lines. Performance in saline fields
depends upon salt resistance of the chickpea plant, as well
as having suitable rhizobia for a robust symbiosis under
saline conditions and some large-scale screening pro-
grammes for salt resistance in chickpea have included
nodule numbers and activity as priority traits (Sadiki &
Rabih 2001), although it has not been reported whether this
approach resulted in improved cultivars being released for
salt-affected soils.
Nodule growth and senescence
Impeded nodule growth, resulting in smaller nodules (e.g.
fig. 2A in Elsheikh & Wood 1990a), as well as decreased
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nodule numbers (discussed above), can together decrease
the total nodule biomass present in salt-affected chickpea.
Average nodule mass, calculated from nodule numbers and
total mass, shows nodule size can be decreased by salinity
and smaller nodules occur even in situations where nodule
numbers did not decline (e.g. calculated from Saxena &
Rewari 1992).A useful parameter to consider is the ratio of
nodule mass to root mass, as this should indicate sensitivity
of nodules relative to the roots. Data from the few studies
available show divergent responses in nodule mass : root
mass ratio to salinity. Substantial declines (e.g. Rao et al.
2002) indicating nodules as being more salt sensitive than
the host roots as well as increases in this ratio (Garg &
Singla 2004), indicating nodulation and nodule growth as
being less sensitive than the roots have been reported. In
addition to the effects of salinity on nodulation and nodule
growth, NaCl can also promote senescence (assessed as
declines in leghemoglobin concentration) of chickpea
nodules (Sheokand, Dhandi & Swaraj 1995; Nandwal
et al. 2007), which would also contribute to declines in
the numbers and mass of functional nodules and thus
N2-fixation under saline conditions.
Nodule ion concentrations and
osmotic relations
To our knowledge, only one study has reliably assessed ion
concentrations in nodules of chickpea under saline condi-
tions (Sharma & Kumar 1992). A recent paper (Nandwal
et al. 2007) reported Na+/K+ ratios in nodules, but these data
should be considered with extreme caution as non-saline
controls were reported to contain 28-fold more Na+ than K+.
As no data for tissue Na+ and K+ concentrations were pre-
sented in Nandwal et al. (2007), the reason for this discrep-
ancy is unknown (only nodule tissue Cl- concentrations
were presented).
In the experiment conducted by Sharma & Kumar
(1992), two cultivars (BG-312 and Pusa-209) were raised for
1 month under non-saline conditions and then exposed to 4
or 8 dS m-1 for 20 d (salt mixture, Na+ : Ca2+ : Mg2+, 5:2:3;
Cl- : SO42-, 7:1). K+/Na+ ratio declined in all tissues, but it
was maintained best in nodules.At 8 dS m-1, nodule K+/Na+
ratio decreased from 12.9 to 4.8 in Pusa-209, but did not
decline from the initial 9.7 in the more ‘salt resistant’
BG-312. By contrast, in roots, the decline in K+/Na+ ratio
was from 6.3 in Pusa-209 and 4.7 in BG-312, to 0.5 in both
genotypes; and in leaves from 37 to 1.4 in Pusa-209 and 38
to 1.2 in BG-312.Tissue concentrations on a water basis for
Na+ and Cl- in nodules were, respectively, ~40 mm and
~50 mm in BG-312 and ~65 and 100 mm in Pusa-209. Inter-
estingly, K+ increased markedly in nodules in response to
salinity in both genotypes, reaching ~210 mm in the ‘more
resistant’ BG 312 and went even higher to ~310 mm in the
‘less resistant’ Pusa-209. By contrast with nodules and in
both genotypes, root Na+ concentrations (up to ~100 mm)
were substantially higher whereas those of K+ (~90 to
100 mm) were significantly lower. In a study to evaluate the
influence of exogenous K+ under saline conditions (4.3 or
8.3 dS m-1 NaCl) nodule number was increased when K+
was sufficient, but average nodule mass did not increase
when K+ supply was increased (calculated from Saxena &
Rewari 1993).
Preferential allocation of K+ to nodules at concentrations
reaching 200 to 300 mm on a tissue water basis (Sharma &
Kumar 1992) would contribute to osmotic adjustment of
these tissues and might also reflect a higher cytoplasmic to
vacuolar ratio in nodules compared with whole roots.There
is a limit, however, to the levels of K+ that can be accumu-
lated in the cytoplasm, as high K+ will also inhibit enzymes
(Greenway & Osmond 1972). In addition to these large
increases in K+ in nodules (Sharma & Kumar 1992), total
soluble sugars and proline (see Table S2) also increased
under saline conditions and these might contribute to
osmotic adjustment (Soussi et al. 1998, 1999; Nandwal et al.
2007), although increases in these organic solutes can be
modest compared with changes in osmotic potential in the
nodules (e.g. from –0.75 MPa in controls to –1.77 MPa at
10 dS m-1, Nandwal et al. (2007). Moreover, accumulation
of sugars and proline were higher in nodules of a ‘salt-
sensitive’ (Pedrosillano) than a ‘salt-resistant’ (ILC-1919)
cultivar (Soussi et al. 1999).
N2 fixation capacity
The capacity for N2-fixation by chickpea in saline soils can
decline owing to the inhibitory effect of salinity leading to
fewer nodules, which can typically be smaller (discussed
above, see also Babber, Sheokand &Malik 2000) than those
produced in the absence of salt. In addition, N2-fixation
capacity per unit nodule mass may be reduced under saline
conditions. Several studies have used an acetylene reduc-
tion assay to evaluate the potential capacity for N2-fixation
of chickpea nodules under various salinity regimes. The
data show large inhibitions of N2-fixation capacity with
increasing salinity. For example, for detached nodules
from plants exposed to 2.5 dS m-1 (NaCl : Na2SO4 : CaCl2,
1:0.6:0.3) in soil without applied mineral N, acetylene reduc-
tion was 36% of the non-saline control (Sekhon et al. 1987).
In other cases, the decline in acetylene reduction was more
moderate; for example, at 50 mm NaCl applied to chickpea
in sand culture, acetylene reduction by nodules was ~70%
of the control, but at 100 mm the reduction was again severe
so that the rate was only 20% of the control (Sheokand
et al. 1995).We hypothesize that the difference in the degree
of inhibition that can occur at moderate salinity (36% of
control at 2.5 dS m-1 versus 70% of control at 50 mm, in the
two studies discussed immediately above) presumably
reflects differences in resistance of the symbioses, since an
experiment with 10 chickpea cultivars inoculated with one
rhizobial strain showed a wide range of inhibitions by
100 mm NaCl; acetylene reduction in the saline treatment
ranged from 11 to 77% of the control values (Singh et al.
2005).
The causes for salinity-induced reductions in N2-fixation
capacity in chickpea nodules has been considered in a
number of studies. These have focused on salt-induced
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changes in nodule physiology and are discussed in the next
paragraph. Firstly, we consider cause and effect; does inhib-
ited N2-fixation capacity lead to reduced tissue N and there-
fore growth reductions, or does impeded growth or reduced
carbon availability from photosynthesis result in decreased
N demand and therefore a decline in nodule activity? That
reduced N2-fixation capacity might lead to reduced N
nutrition for the host plant is suggested by a decline in
nodule N concentration to 40–50% of the control (Sheo-
kand et al. 1995). However, in the experiments on acetylene
reduction, the only studies that also measured shoot N con-
centrations showed that despite substantial reductions in
nodule activity, shoot N concentrations hardly decreased
(92–96% of control, Saxena & Rewari 1991) or even
increased (102–110% of control, Saxena & Rewari 1991).
The proportion of shoot N derived from N2-fixation was
maintained at salinities up to 6.2 dS m-1 in both salt-
sensitive (CSG-8890) and resistant (CSG-8927) genotypes
(Rao et al. 2002).Moreover, in a saline field, cultivar + strain
combinations with best nodulation did not necessarily
produce the highest yields (cf. figure 1A,B in Saxena &
Rewari 1992). Thus, it is our opinion that while it is clearly
desirable to have the best possible cultivar + strain combi-
nations, additional evidence is required to support the
notion that limited N nutrition contributes to poor chickpea
performance in saline fields.
Nodules showing decreased acetylene reduction capacity
and by inference a decline in nitrogenase enzyme activity
per unit nodule mass, also displayed other salt-induced
lesions. Leghaemoglobin concentration in nodules from
plants at 50 mm NaCl declined to 59% of that in controls
and was only 7% at 100 mm (Sheokand et al. 1995). These
substantial reductions at 100 mm NaCl, a level of salinity
that can kill many chickpea cultivars (see the section on
vegetative growth) were also observed by Kumar &
Promila (1983) and in other studies have been interpreted
as nodule ‘senescence’ (Babber et al. 2000). It is our view
that these responses to high salinity appear to be salt-
induced death/necrosis, rather than ‘senescence’.
Prior to ‘senescence’ or necrosis, other factors could also
impede N2-fixation activity in nodules. Photosynthate
supply should not, however, restrict N2-fixation in saline
conditions, as sugars and amino acids accumulate in nodules
of chickpea (Soussi et al. 1998). Soussi et al. (1999) proposed
that an inhibited conversion of sugars to malate (regarded
as the preferred substrate for the bacteroids, Kim & Cope-
land (1996) in chickpea nodules, could restrict N2 fixation
under saline conditions.At 50 mm NaCl, malate concentra-
tion in nodules of ‘salt-sensitive’ Pedrosillano was 23% of
the control, whereas in the ‘salt-resistant’ ILC-1919 it was
56% of control (Soussi et al. 1999). This view of malate
limitation was, however, not supported by subsequent
experiments by the same group showing that chickpea
bacteroid respiration is supported by a range of substrates
(Soussi et al. 2001), so that malate was presumably not
limiting nodule activity.
Lower nodule gas permeability can decrease N2-fixation
rates (Hunt & Layzell 1993).Nodule O2 conductance can be
regulated by physiological modulation of the O2-diffusion
barrier in nodules and/or by structural changes. Structural
changes in salt-affected nodules of chickpea might reduce
nodule conductance to O2 and restrict N2-fixation capacity
(Babber et al. 2000). However, the only attempt to measure
chickpea nodule O2 permeability did not separate nodules
and roots (L’Taief et al. 2007) and since nodules are only a
small fraction of the root mass (viz. less than 10%) the O2
consumption by roots would have presumably dominated
the measurements and, therefore, any changes in nodules
might not have been detected. Increased activity of alcohol
dehydrogenase in salt-exposed nodules of chickpea might
indicate a change in O2 supply (Soussi et al. 1999), so
additional work on this topic seems warranted.
In summary, chickpea rhizobia isolated from diverse
sources show a higher ‘free-living’ salt tolerance (up to
500 mm NaCl) than chickpea plants (up to about 100 mm
NaCl). Despite the high apparent salt tolerance of the
rhizobia, salinity can cause large reductions in nodula-
tion, nodule size, N2-fixation capacity and can, in severe
cases, cause nodule necrosis. Considerable variation exists
amongst chickpea genotype ¥ rhizobia strain combinations
in nodule numbers (Saxena & Rewari 1992) and function-
ing (Singh et al. 2005) in saline conditions.Thus, breeding of
improved chickpea genotypes for salinity resistance should
also include evaluations during the breeding process with a
range of rhizobial strains under salt-affected conditions.
REPRODUCTIVE GROWTH AND GRAIN YIELD
Seed yield is affected by the number of pods and/or the
number of seeds per pod; the mass of individual seeds
might also be reduced where plant growth is reduced. Pod
number is a function of the number of flowers and their
successful pollination. Flower number has been shown to
be differentially affected across genotypes under saline
conditions as was pollen production (Dhingra & Varghese
1993). Dhingra & Varghese (1993) found a toxic effect of
SO42- at 60 mm on pollen tube growth, but not on pollen
germination. Three genotypes exposed to 60 mm of mixed
salts suffered reduced pollen production per flower to
48–55% of controls (Dhingra et al. 1996). Pollen germina-
tion was not affected by 32 mm NaCl, whereas the same
concentration of Na2SO4 reduced germination by as
much as 50% in one genotype. Pollen tube length was,
however, impeded by 32 mm of either salt; lengths were
reduced to 50% in NaCl and to 25% in NaSO4 (Dhingra
& Varghese 1993). Any reduction in yield per plant could
be brought about by a decrease in the number of flowers
per plant and/or their effectiveness in producing seed,
determined by the viability of the pollen and the recep-
tivity of the stigmas, and photosynthates available for seed
filling.
Datta, Dayal & Goswami (1987) reported that the resis-
tant line H-82-2 produced more flowers than sensitive lines
and that the percentage of abscission of flowers across lines
did not differ between genotypes. This agrees well with
current observations of a higher number of flowers in
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resistant than sensitive lines under control conditions (V
Vadez, unpublished results 2009). Similarly, the higher salt
resistance of a late-maturity variety was attributed to it
producing a larger number of flowers than an early-maturing
line (Katerji et al. 2001).Salinity has been shown to decrease
the number of pods per plant, the number of seeds per pod
and the individual size of seeds (Mamo et al. 1996; Katerji
et al. 2001).The seeds produced under saline conditions can
be shrivelled and with a reduced protein concentration
(Kumar et al. 1983), although seed mass may only be
reduced by 10% (Dua 1992) or 20% (Vadez et al. 2007).Dua
(1992) reported that although the 1000-seed mass was
reduced by 10%, this was less affected than other yield
components such as number of pods and number of seeds
(reduced to 38% and 33%, respectively). Similar relative
sensitivities of the yield components to salinity were found
by Vadez et al. (2007) who reported that while 1000-seed
mass was reduced by 20%, the seed number was reduced
about 50%. So in summary, it appears that reproduction
is a sensitive developmental stage for chickpea exposed to
salinity. Producing a larger number of reproductive struc-
tures in the absence of salt may be a simple constitutive trait
contributing to the maintenance of seed or pods/plant.
Few studies have compared the salt resistance of chick-
pea at different growth stages. One notable exception was
an evaluation of six lines for salt resistance when grown to
maturity; three lines were selected at the seedling stage as
‘resistant’ and three others as ‘sensitive’ (Ashraf &Waheed
1993). Only two of the resistant lines and one sensitive line
performed as expected to maturity in soil salinized with
40 mm NaCl; that is, one ‘resistant’ line failed to produce
any seed as it died, whereas two ‘sensitive’ lines survived
and produced some seed.These results show that selections
for salt resistance are required across the entire life cycle
and genotypes differ in expression of resistance at different
stages, presenting an opportunity to combine sources of
resistance for difference stages from contrasting parents. In
this study, seed yield at 40 mm NaCl ranged from 0 to 23%
of non-saline controls (Ashraf & Waheed 1993) and the
effect on yield parameters also differed between genotypes.
For the two most resistant genotypes, CM-663 retained
pods at 70% of the control and ICC-10572 at 50%, whereas
CM-663 suffered reductions in 1000-seed mass (seed size)
to 40% of the control but 1000-seed mass did not decrease
in ICC-10572. By contrast, Datta et al. (1987) reported no
significant difference amongst five ‘salt resistant’ genotypes
in percentage of flowers that developed into pods under
saline conditions.
Ion relations
Although studies have shown shoot dry mass at the flower-
ing stage and seed yield at maturity were negatively corre-
lated to shoot Na+ concentrations (Manchanda & Sharma
1989), others have found no correlation of seed yield and
shoot mass at flowering under salinity and have therefore
suggested that differences in resistance at the reproductive
stage determine salt resistance in chickpea (Vadez et al.
2007). Only two studies (Table 6) have evaluated ion con-
centrations in reproductive structures of salinized chickpea.
When chickpea (cv. Chafa) was grown at 50 mm NaCl in
sand culture, pod wall Na+ and Cl- were, respectively, 720
and 1420 mmol g-1 dry mass and seed Na+ and Cl- were,
respectively, 420 and 870 mmol g-1 dry mass (Murumkar &
Chavan 1986), demonstrating that potentially-toxic levels of
ions might occur in both these tissues. These high ion con-
centrations occurred despite the pots being flushed in alter-
nate irrigations with saline and fresh solutions, a practice
that prevents a steady state from occurring. By contrast, K+
concentration was not affected in seeds or in pod walls,
whereas Ca2+ decreased markedly in pod walls but not in
seeds. In four genotypes grown at 2 dS m-1 NaCl, seed Cl-
Table 6. Ion concentrations observed in reproductive structures of various chickpea genotypes
Genotype Treatment NaCl Plant part
Ion concentration (mmol g-1 dry mass)
K+/Na+ ratio SourceNa+ Cl- K+
Chafa 0 Grain 140 460 440 3.1 Murumkar & Chavan
(1986)Chafa 50 mm Grain 420 870 400 1.0
Chafa 100 mm Grain 520 870 430 0.8
Chafa 0 Pod wall 100 330 1360 13.6
Chafa 50 mm Pod wall 720 1420 1430 2.0
Chafa 100 mm Pod wall 2390 2240 1360 0.6
DZ-local 0 Grain 203 68 682 3.4 Mamo et al. (1996)
DZ-local 20 mma Grain 365 383 686 1.9
Mariye 0 Grain 230 67 657 2.9
Mariye 20 mma Grain 365 na na na
DZ-10-9-2 0 Grain 223 86 693 3.1
DZ-10-9-2 20 mma Grain 298 350 658 2.2
DZ-10-16-2 0 Grain 227 85 700 3.1
DZ-10-16-2 20 mma Grain 317 353 691 2.2
a2 dS m-1.
na, data not available.
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concentration increased on average 4.6-fold and Na+ 1.5-
fold, compared with non-saline controls, but K+ was not
affected (Mamo et al. 1996). The level of Cl- in the seeds
was, on average, 15% of that in the vegetative tissues of the
shoot (Mamo et al. 1996). Shoot tissue Na+ was surprisingly
low by comparison with Cl- (shoot Cl- : Na+ was 4.5 on a
molar basis) and so the seed Na+ concentration was
approximately equal with that in the vegetative tissues
(Mamo et al. 1996).
Water relations
As far as is known, the water relations of pods of chickpea
subjected to salinity have not been measured, but we
speculate that a decrease in water potential of the leaves
arising from salinity in the soil will induce a decrease in
the water potential of the pod wall, but may not influence
the seed itself. This is based on observations by Shackel &
Turner (2000) that when chickpea was subjected to a
water shortage, the water potential of the pod was the
same as that of the leaf when both were covered to
prevent differences in transpiration. However, when the
water potential of the pod fell from –0.37 to –1.22 MPa,
the turgor pressure of the cells in the pod wall decreased
from 0.97 to 0.25 MPa, while the turgor pressure of the
seed coat remained constant at 0.11 MPa (Shackel &
Turner 2000), suggesting that the seed is buffered from the
decrease in water potential and water content in the plant
and even in the pod wall. As in leaves (see preceding
section on water relations), the proline concentration in
pod walls can double and the concentration in seeds
increase by 40% when exposed to 100 mm NaCl
(Murumkar & Chavan 1986, Table S2). Apart from the
effects on the water relations of the pod, water shortage
has been shown to decrease pollen and stigma viability
and increase flower and pod abortion (Leport et al. 2006;
Fang et al. 2009), so that the decrease in water relations
under salinity may also influence pollen viability and
flower and pod abortion before any ionic imbalances
begin to play a role in the reproductive processes, but this
need to be evaluated in future studies.
In summary, the few data available indicate differences in
salt sensitivity and resistance amongst chickpea genotypes
at the reproductive phase. The physiological basis of
these differences is uncertain.Na+ and Cl- concentrations in
reproductive structures have rarely been measured, but the
available data indicate that concentrations can be relatively
high (Table 6), so that the possible toxicity of these ions, as
well as changes in hormonal status or water relations should
all be evaluated in future research. Yield experiments are
best conducted in saline fields, even though salinity is very
variable over short distances (Bennett, Barrett-Lennard &
Colmer 2009), so that large plots and/or numbers of repli-
cates are needed to improve the precision of field-based
screens, and data on the conditions across sites used should
be recorded, which limits the number of accessions that can
be tested.
GENETICS AND PLANT IMPROVEMENT
Approaches to improving the yield of chickpea
in salt-affected soils
Genetic variability is a prerequisite in breeding for
improvement of any trait and efforts have been made to
assess genetic diversity in chickpea germplasm for salinity
resistance. Various traits have been used in screening for
resistance to salinity including: germination percentage,
radicle length, shoot length, nodulation, leaf necrosis,
salinity susceptibility index (based on biomass yield under
saline and non-saline conditions), plant biomass, number of
pods per plant and grain yield (Table 7). As the ultimate
criterion for salinity resistance is the grain yield under
saline conditions, the traits/indices used for assessing
salinity resistance must be correlated with grain yield.
Limited efforts have been made in breeding for salt
resistance in chickpea (e.g. Dua 1998; Dua & Sharma 1995,
1997; Dua et al. 2000). As discussed below, only 4 of the 13
studies listed in Table 7 have evaluated grain yield under
saline conditions and identified salinity resistant genotypes
(Singh et al. 1994; Dua & Sharma 1995, 1997; Sharma, Singh
& Dua 2004; Vadez et al. 2007).
Low variability among genotypes for salinity resistance,as
indicated by early studies based on plant growth in pots
(Johansen et al. 1990), was considered a major bottleneck in
improving salinity resistance in chickpea. However, recent
screenings of relatively large numbers of diverse genotypes
suggest wide variation for salinity resistance based on seed
yield under controlled saline conditions (Vadez et al. 2007,
see also Table 8 and Tables S3 & 4). A screening of 263
accessions, including 211 accessions from ICRISAT’s mini-
core collection (10% of the core collection and 1% of the
entire collection), at ICRISAT-Patancheru (Vadez et al.
2007) showed a six-fold range of variation for seed yield
under salinity, with several genotypes yielding 20% more
than a previously-released salinity resistant cultivar (Karnal
Chana1orCSG-8962),The rangeof variation in yields under
salinity was similar in both kabuli and desi chickpeas, indi-
cating that breeding for salinity resistance can be under-
taken in both types. Based on grain yield under saline
conditions (80 mm NaCl in pots of soil, Vadez et al. 2007)
found that desi types are more resistant to salinity than
kabuli types, although the opposite was found by Dua &
Sharma (1995). Other studies (Sinhgla & Garg 2005;
Sohrabi,Heidari &Esmailpoor 2008), based on screening of
fewgenotypes,support the findings ofDua&Sharma (1995).
Germplasm from regions of theMiddleEast and SouthAsia,
where there has been a history of soil salinity, revealed the
most diversity for salinity resistance (Maliro et al. 2008).
No relationship has been found between salinity resis-
tance at germination and maturity (Dua & Sharma 1995).
One study (Manchanda & Sharma 1990) found a good
agreement between seedling stage evaluation and yield-
based assessment in chickpea (Mamo et al. 1996), although
this experiment was carried out with only four genotypes. In
another study, for some genotypes (ICC-10130, ICC-10582,
ICC-12909) there was a negative correlation for salt
502 T. J. Flowers et al.
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resistance between early growth stages and adult stage
(Ashraf&Waheed 1992,1993).Serraj et al. (2004) andVadez
et al. (2007) screened the mini-core collection of chickpea
at ICRISAT under saline conditions for plant biomass
and seed yield, although none of the genotypes identified
to be resistant in these studies was common between the
two studies.Vadez et al. (2007) grew two sets of 263 chickpea
genotypes simultaneously.One set was harvested at 40 DAS
while the other set was harvested at maturity. Data that
showed the biomass under salt stress or biomass under salt
stress relative to control was not related to either seed yield
under salt stress or to the seed yield under salt stress relative
to control.This emphasizes the fact that the final assessment
of salinity resistance should be based on grain yield. Thus,
the salinity-resistant genotypes identified based on traits
other than seed yield and its component traits (e.g. number
of pods per plant) in different studies (Saxena & Rewari
1992; Kathira, Nayagapara & Vaddoria 1997; Al-Mutata
2003;Karajeh et al. 2003;Serraj et al. 2004;Maliro et al. 2008)
need further confirmation by evaluating these genotypes for
seed yield under saline conditions.
There are several factors that reduce the efficiency of
conventional breeding approaches for salt resistance where
grain yield under salinity is used as the criterion for salt
selection. These include limited genetic variability for salt
resistance, inadequate screening techniques for segregating
generations, limited knowledge of the genetics of resistance,
complexity of the several resistance mechanisms involved
and poor understanding of salinity and environmental inter-
actions in a highly variable environment (cf. Flowers &Yeo
1986). The heterogeneity for salinity in fields and the large
genotype ¥ environment interaction for salt resistance
necessitates screening of test materials over years and loca-
tions using a large number of replications in each trial. This
makes it difficult to select for salt resistance in segregating
populations.As a consequence, as far as we are aware, only
one salt-resistant cultivar of desi chickpea, Karnal Chana 1
(CSG-8962) has been released for north-western parts of
India (Dua et al. 2000). This variety can be grown in saline
soils with an ECe between 4 to 6 dS m-1 (Dua et al. 2000).
Considerable further effort is required if new salt-resistant
genotypes are to be developed.
A strong relationship (R2 = 0.50) between seed yield
under salinity and seed yield under a non-saline control,
suggests that a yield potential component as well as salinity
resistance per se (Vadez et al. 2007) is important for any
breeding programme. This suggests that available high
yielding cultivars may provide the basis for identifying cul-
tivars that can perform well in saline soils. If so, genotypes
that perform well in non-saline conditions might perform
relatively better than other lines in saline fields (c.f. Rich-
ards 1983).As seed size was similar in the salt-resistant and
salt-sensitive genotypes identified by Vadez et al. (2007), it
should be possible to develop salt-resistant cultivars in the
market-preferred seed size category.
Apart from breeding for yield per se, the possibility
remains to identify traits important in resistance and pool
these traits as suggested for another salt-sensitive species,
rice (Yeo et al. 1990). The use of such an approach is,
however, highly labour intensive and requires collaboration
of physiologists and breeders and that selections are not
made early in the breeding process (Garcia et al. 1995). For
chickpea, in spite of its importance as a food crop, there is a
dearth of physiological information on traits for salt resis-
tance. Examples of important questions for which we have
no answer at present are: can selection for transport of Na+,
K+ and/or Cl- be used to improve the overall salt resistance
and does tissue tolerance of these ions vary between geno-
types?Molecular markers linked to genes/ quantitative trait
loci (QTLs) controlling salt resistance and/or the compo-
nent traits for salt resistance, if available and robust, would
greatly facilitate selection of resistant plants in segregating
generations and help accelerate genetic advance. As salt
resistance is controlled by many genes, marker-assisted
recurrent selection (MARS) might also be used to accumu-
late salt resistance genes from different genotypes. MARS
is an approach in which progenies are selected for
intercrossing using a selection index constructed based on
QTL-associated molecular markers (Charmet et al. 1999,
2001).
Genetics of salinity resistance
Plant response to salt stress is influenced by various
physiological and agronomic characteristics, which may
be controlled by the actions of several to many genes,
whose expressions are influenced by various environmental
factors (Foolad 2004). Thus, interactions between genotype
Table 8. Effects of salinity on yield of selected genotypes of chickpea. Salt treatments were applied from the time of sowing and biomass
data collected at maturity
Relative yield, genotype and reputation (% of controls)
Salt treatment SourceSensitive Resistant
55% ICC6263 74% ICC-1431 1.17 g NaCl kg-1 soil in a Vertisol (80 mm NaCl) Vadez et al. (2007)
0% ICC-12908 20% CM-663 40 mm NaCl in hydroponic sand culture Ashraf & Waheed (1993)
14% ICC-10572
57% Filip-87-59c 98% ILC-3279 ECe of 2.5 dS m-1 in soil salinized with
NaCl and CaCl2
Katerji et al. (2005)
27% DZ-Local 53% DZ10-16-2 0.62 g NaCl kg-1 soil Mamo et al. (1996)
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and environment need to be considered in identifying
salt-resistant genotypes for breeding programmes.
In a study conducted by Ashraf & Waheed (1998) to
estimate gene action for salinity resistance in chickpea,
the parental genotypes included two resistant lines (CM-
663, ICC-10572) and four sensitive lines (ICC-10130,
ICC-10582, ICC-12908 and ICC-12909). Salt resistance was
assessed by comparing seed yield per plant, number of pods
per plant and number of seeds per pod under control and
saline (40 mm NaCl) conditions. The authors concluded
that salt resistance was governed by both dominance and
additive gene effects with a preponderance of dominance
effects. Parents with contrasting salt resistance had unequal
gene distribution with excess of recessive alleles accumu-
lated in resistant genotypes and dominant alleles in sensitive
genotype,although thenumbers of alleleswerenot specified.
Heritability estimates (both broad- and narrow-sense) were
high for all the three traits, suggesting that selection for these
traits would be effective (Ashraf &Waheed 1998).
The expression of salt resistance is quantitative in nature
and controlled by several genes or QTLs. While structural
genomics approaches are used to identify QTLs controlling
a trait, functional genomics approaches can unravel the
genes involved (Varshney, Graner & Sorrells 2005). Struc-
tural genomics approaches include linkage mapping and
association genetics for trait mapping using bi-parental
segregating populations (e.g. F2, double haploids, recombi-
nant inbred lines) and natural populations, respectively.
Molecular-markers associated with salinity resistance
QTLs identified through linkage or association mapping
approaches should be useful for accelerating the breed-
ing for salt resistance through marker-assisted selection
(MAS). Although molecular markers for salt resistance
have been identified in some crops, to the best of our knowl-
edge, no report is available onmapping of salinity resistance
QTLs in chickpea. This can be partly attributed to the
unavailability of appropriate mapping populations and
limited genomic resources (Varshney et al. 2007). Neverthe-
less, recently, a kabuli (ICCV-2) and a desi (JG-62) type that
contrast for seed yield under saline conditions (41% yield
reduction in JG-62 as compared with 72% in ICCV-2 at
80 mm NaCl in soil pots (Vadez et al. 2007) have been used
as parents of a RIL mapping population to identify markers
for QTLs associated with salinity resistance. The develop-
ment of 1655 novel SSR markers from BAC-end sequences
and SSR enriched library at ICRISAT in collaboration with
University of California (Davis) and University of Frank-
furt, respectively should accelerate the molecular mapping
of salinity resistance in chickpea. Furthermore, two new
RIL populations are being developed at ICRISAT (ICC-
6263 x ICC-1431 and ICCV-2 x JG 11) that can be used for
validation of markers identified from ICCV-2 x JG-62 RILs
and identification of additional QTLs.
Functional genomics includes several parallel approaches
and tools such as EST generation, transcript profiling and
reverse/forward genetics (Coram et al. 2007). Progress
using these tools has, unfortunately, been slow in chickpea
although there have been significant advances in the last
few years (Varshney et al. 2009a). For instance, a new set
of 3798 ESTs from JG-11 (salt-resistant) and 4460 ESTs
from ICCV-2 (salt-sensitive) genotypes were developed at
ICRISAT, providing a set of 2595 salt responsive unigenes.
In silico differential gene expression analysis in the two
EST datasets identified about 20 candidate genes that are
presently being validated using Northern hybridization
(Varshney et al. 2009b). Using a pilot microarray (ca. 750
features) for transcript profiling, Mantri et al. (2007) identi-
fied 386 genes that showed more than two-fold differences
in transcriptional changes in response to salinity in chick-
pea. In this set, 30 genes were consensually differentially
expressed between resistant (CPI-060546, ICC-06474) and
sensitive (CPI-60527, ICC-08161) chickpea genotypes. Simi-
larly by using SuperSAGE technology, Molina et al. (2008)
also identified several candidate salinity-responsive genes.
A set of selected salinity responsive genes have been listed
in Table S6. Candidate genes identified through in silico or
microarray experiments can be used for mapping and
identification of genes, if any, from the identified set that
are associated with QTLs for salt resistance. Similarly, a
TILLING population developed for ICC-4958 at ICRISAT,
can also be used for validating the function of identified
candidate genes through reverse genetics approaches.
CONCLUSIONS
Germination is, relative to vegetative growth, resistant to
salinity in some, but not all, genotypes.Vegetative growth is
very sensitive to salinity with dramatic reductions in dry
matter production and yield occurring at salt concentra-
tions of less than 80 mm NaCl or about 8 dS m-1. The few
data available suggest that if the effect of salinity on veg-
etative growth is assessed in hydroponics, soil in pots or in
the field, the rank order of resistance of genotypes to salt is
consistent.However, just why chickpea is so sensitive to salt
is not clear. In some experiments, growth reduction appears
to be related to an inability of chickpea plants to prevent
high concentrations of saline ions reaching the leaves.
Growth under salinity is reduced once concentrations of
Na+ and/or Cl- reach a critical concentration in the shoots,
although for Cl- correlations with growth may be con-
founded by ion secretion from glandular hairs. In some
experiments in saline soils, Na+ and Cl- concentrations do
not appear to reach critical concentrations. Genotypes may
also differ in their ability to retain water,with the possibility
that salt-resistant lines are better able to maintain a higher
shoot water content than are more sensitive lines when
growing in saline conditions. Ions are presumably used for
osmotic adjustment, but it is uncertain from the available
data whether adjustment always matches the external
change in water potential. As far as yield is concerned,
reproduction appears a particularly sensitive stage, with
recent screenings of diverse genotypes suggesting signifi-
cant variation of seed yield under saline conditions. As
genotypes that produce many pods under non-saline con-
ditions are those that yield better under saline conditions,
producing a large number of reproductive structures in the
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absence of salt may be a simple constitutive trait contribut-
ing to the maintenance of seed or pods/plant under saline
conditions. Limited data available indicate Na+ and Cl- con-
centrations can be relatively high in pods and seeds, so that
their toxicity, as well as changes in hormonal status or water
relations should be evaluated in future research.
Rhizobia have high apparent salt resistance, although
salinity can cause large reductions in nodulation, nodule
size, N2-fixation capacity and even nodule necrosis. Con-
siderable variation exists amongst chickpea genotype ¥
rhizobial strain combinations in nodule numbers and func-
tioning.Thus screening and breeding of improved chickpea
genotypes should be evaluated using a range of strains of
rhizobium under salt-affected conditions.
Although chickpea is a salt-sensitive species, there
appears to be enough genetic variation to enable improve-
ment in yield under saline conditions via breeding. Breed-
ing programmes should aim to increase yields under
mildly-saline conditions (e.g. ECe up to 8 dS m-1 in a Verti-
sol, but less in lighter-textured soils), such as occur in
rainfed crops with ‘transient salinity’ in sub-soils and in
many irrigated areas. Selections for salt resistance are
required across the entire life cycle with an emphasis on the
use of field experiments where yield is determined with
genotype ¥ environment interactions being important. As
rankings of genotypes for resistance can differ between
germination, vegetative and reproductive stages, a pyramid-
ing approach to combine these sources of resistance, as well
as the possible combining of genes relevant within each
stage, using molecular approaches such as marker assisted
selection, should result in useful increases in resistance.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:
Table S1. The percentage germination of genotypes of
chickpea to salts.The columns of the table list the salts used,
their concentration mm) or conductivity dS m-1; 10 dS m-1 is
about 100 mm), the genotype and the percentage germina-
tion after the noted time when measured in solutions on
filter) paper or agar or in soil.
Table S2. Proline accumulation in chickpea when subjected
to salinity.
Table S3. Identification of genetic variability and salinity
resistance in genotypes of chickpea.
Table S4. The effect of different types and levels of salinity
on the yield and/or reproductive structures in chickpea.
Table S5. Chickpea genotypes mentioned in the text and
tables with synonyms if known.
Table S6. List of some candidate genes identified in
response to salinity stress in chickpea.
Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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